The influences of the endwall corner jet (ECJ) with different locations, yaw angles and jet-to-inflow total pressure ratios on the aerodynamic performance of a high-speed compressor cascade are parametrically investigated by numerical simulation. The results show that the ECJ could weaken the boundary layer separation, reduce the loss and increase the pressure rise effectively by inputting momentum to the low energy corner region. The optimal ECJ location for the loss reduction is slightly downstream of the separation line. With the increase of the yaw angle, more loss reduction is obtained in the near endwall region, whereas the loss near the midspan is enhanced due to the enlarged separation along the blade height. A higher jet-to-inflow total pressure ratio could enhance the pressure rise of the cascade, whereas the mixing losses between the jet and the low energy fluid are also strengthened. The benefit of loss reduction degrades when the jet-to-inflow total pressure ratio is higher than 1.1. Moreover, the ECJ could obtain considerable loss reduction for the incidence ranging from -4° to +4°. A maximum loss reduction up to 15.0% is obtained at the incidence of +2° by the ECJ located at 60% chord with a yaw angle of 30°, whereas the jet-to-inflow mass flow ratio is only 0.57%.
Introduction
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Due to the transverse and adverse pressure gradient in the compressor cascade, the low energy fluid accumulation in the corner region is almost inevitable, especially for the highly loaded compressor in modern high thrust-weight ratio aero-engine. The resulting flow separation on the rear part of the suction side is critical to the loss generation, pressure rise, efficiency and stability. Therefore, numerous flow control techniques, e.g. boundary suction (Qiang et al. 2008 , Guo et al. 2013 and Liu et al. 2014 , blowing (Culley et al. 2003 and 2005 , endwall fence (Zhong et al. 2008 and Hergt et al. 2011) , vortex generators (Ortmanns et al. 2011 and Hergt et al. 2012 ) et al. have been proposed to weaken this low energy fluid accumulation so as to further improve the compressor performance. The boundary blowing using jets, as an active flow control technique, has the advantages of high flexibility, efficiency and applicability, thus attracting more and more attentions in the turbo-machinery community. Concerning the effect mechanisms of the blowing, there are two concepts: adding momentum directly to the boundary layer and inducing vortices to enhance the fluid exchange between the boundary layer and the mainstream.
One of the earliest studies on the application of the boundary layer blowing on the suction side of a low speed compressor is reported by Cully et al. (2003) and (2005) . An area-averaged loss reduction of 25% is achieved. Nerger et al. (2012) employed a combination of blowing on the endwall and the suction side in a highly loaded compressor stator cascade. The pressure rise is significantly increased, while the corrected losses, taking into account the blowing jet total pressure, could be reduced for a few operating points only. In the studies of Zander et al. (2011) , Hecklau et al. (2011) and Gmelin et al. (2012) , the combined jet with the optimal configuration is able to reduce the total pressure loss by13% and increase the static pressure rise by 9% with a suitable mass flow rate below 0.5%.They also pointed out that the unsteady jet could obtain a comparable control effect to the steady jet, while the jet mass flow is greatly reduced. Liu, Zhang, Yu and Chen, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) An alternative flow control concept by using the blowing is known as the vortex generator jet (VGJ). With the jet skewed and pitched against the inflow, the streamwise vortices similar to those created by solid vortex generator could transport the low energy fluid in the boundary layer to the mainstream and sweep the fluid in the mainstream towards the wall, thus enhancing the ability of the boundary layer to resist the adverse pressure gradient. Zheng et al. (2006) reported a maximum loss reduction of 22.8% in a high speed plane compressor cascade by using synthetic vortex generator jets. The yawed jet was utilized on the suction side by Evans et al. (2010) . Using only 0.13% of the total mass flow rate, the jet vortex is able to delay flow separation significantly. Recently, the VGJ was introduced to the endwall secondary flow control by Liu et al. (2016a Liu et al. ( , 2016b .The loss reductions on the high-turning cascade and high-speed cascade are 27.3% and 13% respectively. Moreover, the endwall VGJ shows considerable benefit of loss reduction in a wide operation range.
In spite of the potential of the jets on the cascade performance improvement, this flow control technique requires external energy and complex air supply systems. The jets on the suction side are not practical for the rather thin compressor blades (Gmelin et al. 2012) . Considering the manufacturing constraints and the operational reliability, the jets on the endwall appear to be more practical (Liu et al. 2016b) . Therefore, the endwall corner jet (ECJ) will be further employed to reduce the low energy fluid accumulation in the corner region and weaken the boundary layer separation in the rear part of the passage in this work. To the authors' knowledge, this ECJ has not been widely investigated in the high-speed compressor cascade, which is closer to the realistic application. Moreover, the reasons for the variations of the ECJ performance with different parameters including the jet locations, yaw angles and jet-to-inflow total pressure ratios have not been identified clearly, which will be discussed in detail. Additionally, the potential of the ECJ at the off-design points will be also tested and verified.
Numerical methods
Geometrical description
The baseline configuration is a high-speed compressor cascade with a NACA65-K48 profile. A detailed experimental investigation of the cascade performance has been reported by Hergt et al. (2011) . The inlet Mach number is 0.67 and the inlet Reynolds number based on the axial chord is Re=560000. More information about the geometrical parameters at the design point is further provided in Table 1 . 
Inlet flow angle β1=132º
Stagger angle βst=112.5º
Blade chord c=40mm
Axial chord B=37mm
Blade span H=40mm
Blade aspect ratio H/c=1
Pitch to chord ratio t/c=0.55 Fig. 1 Schematic of corner jet in the cascade Figure 1 shows the isolated endwall corner jet arrangement in the cascade. The jet is generated by a rectangular pipe inside the endwall. The jet inlet has a length of 2 mm and a width of 1 mm. The jet exit is clinging to the suction side and the jet direction is determined by the yaw angle α between the pipe centerline and the endwall. Additionally, the projection of the pipe centerline on the endwall is parallel to the camber line at the same axial position. Moreover, a pipe length of 5 mm is considered inside the endwall to ensure the jet direction at the pipe exit. A parametric investigation concerning different axial locations, yaw angles and jet-to-inflow total pressure ratios is conducted in this work.
Numerical method validation
The three-dimensional steady viscous Reynolds-Averaged Navier-Stokes (RANS) equations are solved by using the commercial CFD package ANSYS14.0-CFX. The structured grid is generated by using ANSYS-ICEM. The computational grids on the endwall and blade are shown in Fig. 2 . The inlet of the computation domain is located at 2.5 chords upstream of the leading edge to obtain the similar boundary layer thickness at the section of x/B=-20% to the experiment by Hergt et al.(2011) . The outlet is located at 3.0 chords downstream from the trailing edge. The hexahedral grid is used and the local grid near the wall is refined so as to ensure y+<1.5 for the first cell from the wall. When the ECJ is employed, an interface is placed between the cascade domain and the jet pipe domain. Although the location and the yaw angle of the ECJ are varied, the length and width of the jet inlet as well as the pipe length are kept constant. Therefore, the same grid point distributions are utilized when the pipe domain is remeshed for the variations of the jet location and the yaw angle. And the grid for the cascade domain is unchanged. This enhances the comparability between the baseline case and the controlled cases. The influence of the jet location on the cascade performance is firstly presented in this work, where the yaw angle is fixed with α=30°. The same total pressure as that at the cascade inlet is employed at the jet inlet. It indicates that when the ECJ is applied to a real multistage compressor, the air could be easily induced from the downstream cascade with high pressure, thus enhancing the feasibility of this flow control technique.
To take the additional mass flow rate and the total pressure inputted by the jet into account, the overall mass-averaged total pressure loss of the cascade is corrected as follows:
（1）
Where m is the mass flow rate, P* and P are the mass-averaged total pressure and mass-averaged static pressure, respectively. The subscript "1" and "2" represent the inlet and the outlet of the cascade, and the subscript "j" represents the inlet of the ECJ. It is noted in Fig. 5 that with the ECJ moved downstream from 30% to 80% chord length, the loss decreases firstly and then increases. A maximum loss reduction of 11.6% relative to the baseline case is obtained by the ECJ with an optimal axial location of 60% chord length, slightly downstream of the separation line, whereas the jet-to-inflow mass flow ratio is only 0.57%.
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The total pressure at the inlet is 121600Pa and the total temperature is 320K. The inflow turbulence intensity is 2% and the eddy viscosity ratio is 10. An averaged static pressure of 102325Pa is applied at the outlet of the computation domain. The blade and the end-wall are adiabatic and nonslip. The symmetry boundary is used for the midspan. For the discretization of the RANS equations, the high-resolution scheme is used.
The SST k-ω model is utilized to simulate the severe separation in this cascade based on our previous investigation (Liu et al. 2016b ). This model is designed to give highly accurate predictions of the onset and the amount of flow separation under adverse pressure gradients by including the transport effects into the formulation of the eddy-viscosity. This results in a major improvement in terms of flow separation predictions, thus appearing very attractive and favorable in compressor industry (Yin et al. 2010 , Chen et al. 2012 , Halawa et al. 2015 , Ke et al. 2015 and Ameli et al. 2016 . And a grid dependence study is conducted for the design point. The flow parameters including the loss and the flow angle at the section of x/B=140% (defined as the cascade outlet) are employed to validate the numerical methods. It is shown in Fig. 3 that the pitch-averaged total pressure loss ω and exit flow angle β along the blade height are well predicted when the total number of the computational grid is above 1.6 million. Furthermore, Fig.4 shows that the secondary flow on the endwall and the corner separation in the rear part of the passage agree well with the experimental results. Therefore, the SST k-ω model and a total grid number of 1.6 million are used for the following investigations, which could simulate the influence of the ECJ on the cascade performance with a reasonable accuracy.
Liu, Zhang, Yu and Chen, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) （a）Baseline （b）xj /B=30%, α=30°
Fig. 6 Limiting streamlines and total pressure loss distribution for different jet locations Figure 6 presents the limiting streamlines on the wall for the baseline case and the controlled cases. And the three-dimensional streamlines from the jet inlet are also plotted, as colored in purple. For the baseline case in Fig. 6 (a) , a severe flow separation, approximately starting at 50% chord length, is observed on the suction side. With the ECJ applied, the flow structure is changed obviously.
In Fig. 6(b) , since the ECJ is located too far upstream of the separation zone, the acceleration of the flow on the fore part of the suction side contributes to stronger impact on the jet than the other controlled cases. As a result, the three-dimensional streamlines of the jet are forced to bend towards the endwall. Moreover, as the jet develops downstream, it would experience longer mixing processes than the other cases and then the jet momentum is dissipated more seriously. Therefore, the high-level loss in the corner region at the section of x/B=80% is only changed slightly in comparison to the baseline case. In the rear part of the passage, some of the jet fluid near the endwall exits the cascade directly, whereas the other is even drawn into the reverse flow, as predicted by the recirculation of the purple three-dimensional streamlines.
For the ECJ located slightly downstream of the separation line, as shown in Fig. 6(c) , the jet could increase the energy of the fluid in the separation zone directly, thus delaying the separation on the suction side effectively. Most of the jet fluid could keep its initial direction as it develops, thus reducing the reverse flow obviously in the near endwall region, as shown by the limiting streamlines on the suction side around the jet. However, due to the radial pushing effect of the jet on the boundary layer, the separation scope along the blade height near the trailing edge increases slightly in comparison to the baseline case.
In Fig. 6(d) , since the ECJ is located close to the trailing edge, the inputted high momentum fluid experiences shorter interaction processes with the separation flow. So the separation is almost unchanged compared with the baseline case. Nevertheless, the reverse flow at the root of the blade is constrained.
Due to the influence of the ECJ on the separation, the loss behaviors are also changed correspondingly. Generally, the losses in the corner region at the section of x/B=80% are reduced by using ECJ, subsequently the high-level loss zone downstream of the cascade (as shown at the section of x/B=120%) is decreased. The ECJ located at 60% chord length obtains the best performance on the loss reduction, consistent with the previous discussion about the limiting streamlines. The limiting streamlines on pressure side are further presented in Fig. 7 . It could be observed that flow structures on the pressure side are almost unchanged by using ECJ.
（c）xj /B=60%, α=30° （d）xj /B=80%, α=30° Figure 8 shows the static pressure coefficient at the section of 2% and 50% blade height to evaluate the influence of the ECJ on the blade loading. Generally, the pressure on the pressure side is not influenced except the region near the trailing edge. Whereas the pressure on the suction side is changed obviously. Since the incoming flow is obstructed by the jet, a static pressure rise is observed near the upstream side of the jet at the section of z/H=2%. And then the pressure decreases sharply due to momentum inputted by the high speed jet. With the ECJ shifted downstream, the pressure near the jet exit is increased, thus decreasing the jet velocity. Correspondingly, the pressure changes around the jet are also decreased. In the rear part of the passage, since the separation on the suction side is reduced by using ECJ, the cascade diffusion is enhanced, contributing to higher static pressure near the trailing edge. At the section of 50% blade height, the pressure for the case with xj/B=30% is almost unchanged, while for xj/B=60% and 80%, the pressure on the rear part of the blade is increased obviously, consistent with the changes of the separation. Especially for the case with the ECJ located at xj/B=60%, the pressure rise near the trailing edge is most significant, due to most obvious separation reduction.
Figure 9(a) shows the pitch-averaged total pressure loss coefficient along the blade height. Due to the weakened separation by the momentum inputted, the losses in the near endwall region approximately from z/H=2% to 25% are reduced compared with the baseline case. The ECJ located at 60% chord length shows the best performance on the loss reduction. Whereas in the near midspan region, higher loss is observed for the controlled cases, especially for the case with xj/B=60%, which is attributed to the enlarged separation scope along the blade height near the trailing edge, as previously shown in Fig. 6 .
For the exit flow angle β in Fig. 9(b) , the flow turning in the region from the endwall to nearly 35% blade height is enhanced compared with the baseline case. For the case with xj/B=30%, the influence of the ECJ on the flow turning is reduced due to the serious energy dissipation. When the ECJ is shifted to xj/B=80%, the exit flow angle around the jet (approximately around 20% blade height) is enhanced obviously. Overall, the ECJ with xj/B=60% obtains the largest exit flow angle in the regions of z/H=5%~12% and 22%~34% due to the significant influence on the separation. However, the exit flow angle in the region of z/H=12%~22% is smaller, which is associated with the initial direction and the energy dissipations of the jet.
The enhancement of the blade loading are further proven by the pitch-averaged static pressure rise Cp at the cascade outlet in Fig. 9(c) . It is evident that the pressure rise is enhanced most for the case with xj/B=60%. The ECJ located upstream and downstream of the optimal location would decrease this benefit, which is consistent with the influence of the ECJ on the separation on the suction side as previously shown in Fig. 6 . Figure 10 presents the overall mass-averaged total pressure loss at the cascade outlet for the cases with different yaw angles. Generally, the loss for the controlled cases, regardless of the yaw angles, decreases firstly and then increase with the jet location moved downstream. The minimum losses are 11.4%, 11.6% and 10.4% for the yaw angles of 20°, 30° and 40° respectively. Additionally, the corresponding optimal ECJ location shifts downstream with the increase of the yaw angle, which are 55%, 60% and 65% chord length respectively. Moreover, for xj/B<55%, the loss increases with the yaw angle. Especially, for the ECJ located at 30% chord length with a yaw angle of 40°, the loss is even higher than the baseline case. On the contrary, when the ECJ is located at 70% chord length, a larger yaw angle could obtain a lower loss. For the ECJ located at 80% chord length near the trailing edge, the loss, lower than the baseline case, is nearly unchanged for different yaw angles.
Impact of yaw angle
In order to better understand the reasons for the variations of the jet performance for different yaw angles, the limiting streamlines on the wall and the total pressure loss in the cascade are further presented in Fig.11 . Since the high-level loss core in the separation zone is positioned with a certain distance from the endwall (as shown by the loss at the section of x/B=80%), the jet inputting momentum directly to this core could perform better for the loss reduction. Hence, it could be observed that the ECJs with the yaw angle of 30° and 40° appear to reduce the loss more effectively at the section of x/B=80% than that with α=20°. Moreover, the reason for the tendency that the optimal ECJ location shifts downstream with the increase of the yaw angle (as previously shown in Fig.10 ) could be derived here. Namely, the ECJ with a small yaw angle should be located more upstream to ensure that the jet fluid could pass through the high-level loss core as the jet develops to the separation zone. Contrary to this, the optimal location for the ECJ with a larger yaw angle is shifted downstream.
As the radial component of jet velocity increases with the yaw angle, the low energy flow above the jet is more inclined to be forced to shift away from the endwall, as predict by the limiting streamlines on the suction side. Thus the scope of separation near the trailing edge is enlarged. Additionally, with the yaw angle increased, the impact between the jet and the incoming flow is strengthened. As shown in Fig. 11(d) for the case with α=40°, only a slight portion of the jet fluid could keep its initial direction and most of the jet fluid is forced to bend toward the endwall, indicating serious impact losses. Due to the above effects, the high-level loss core at the section of x/B=120% for α=40° is larger than the other controlled cases. Vol.12, No.2 (2017) In Fig. 12(a) , it is observed that the losses in the near endwall region are reduced significantly by using ECJ. With the increase of the yaw angle, the jet could reach higher blade height. As a result, the loss reduction around 20% blade height is more evident for the case with α=40°. Whereas the losses near the midspan are strengthened because of the enlarged separation scope along the blade height. Overall, the largest loss reduction is obtained by the ECJ with α=30°, as previous shown in Fig. 10 .
In Fig. 12(b) , the flow turning in the region approximately below 30% blade height is enhanced obviously when the ECJ is employed. Among the controlled cases, the ECJ with α=20° provides the lowest flow turning in the near endwall region and the largest flow turning in the near midspan region. The contrary tendency is observed for the case with α=40°. Therefore, it could be concluded from Fig. 12 that the positive influence of the ECJ on the cascade performance is enhanced in the near endwall region but degraded in the near midspan region with the increase of the yaw angle. 
Impact of jet total pressure
Since the jet is usually generated by the high pressure air induced from the downstream passage in a real multistage compressor, an investigation of the ECJ performance with different jet total pressure is further presented in this work, which is expected to be a valuable reference for the design of the air supply system.
The influence of the jet-to-inflow total pressure ratio on the cascade loss is illustrated in Fig.13 . Similar loss is obtained by the pressure ratio of .1, a higher pressure ratio would increase the loss, but still lower than the baseline case (The loss for baseline case could be seen in Fig. 10 ). In Fig. 14, it is shown that the jet-to-inflow mass flow ratio nearly increases linearly with the total pressure ratio. It could be concluded from Fig. 13 and 14 that a jet mass flow rate less than 1% of the mainstream could obtain a maximum loss reduction of 11.6%, thus validating the high efficiency of the ECJ. In particular, the total pressure at the jet inlet is only slightly higher than that at the cascade inlet. So the air could be induced from the nearest downstream cascade when this flow control technique is applied on a real multistage compressor. Correspondingly, the pipe system is simplified, enhancing the possibilities of the application. different jet-to-inflow total pressure ratios Liu, Zhang, Yu and Chen, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) 
Performance of ECJ at off-design points
To validate the potential of the ECJ at the off-design operation points, the total pressure losses for different incidences i ranging from -4º to +4º are further shown in Fig.17 , in which the ECJ is located at 60% chord length and the yaw angle is 30°. Here the losses from the experiment by Hergt et al.(2011) are also plotted. Excellent agreement is observed between the numerical and experimental results for the baseline cases, further verifying the numerical methods employed in this work. Overall, with the incidence increased from -4º to +2º , the benefit of loss reduction increases remarkably. A maximum loss reduction of 15.0% relative to the baseline case is obtained at i=+2°, where the jet-to-inflow mass flow ratio is only 0.57%. At the incidence of +4º , the loss reduction decreases slightly.
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The limiting streamlines on the wall and the losses in the cascade are further presented in Fig. 15 . Since the mass flow rate and the total pressure inputted by the jet are not taken into account for the counters of the total pressure loss, it appears that the high-level loss regions at the section of x/B=80% and 120% are reduced with the increase of the jet-to-inflow total pressure ratio. However, owing to the interaction between the jet and the incoming flow, the mixing losses are also enhanced with the jet-to-inflow total pressure ratio. Meanwhile, as the radial momentum is increased with the jet total pressure, the movement of the boundary layer on the suction side along the blade height is also enhanced, leading to an enlarged separation near the trailing edge. Therefore, for an excessively high jet total pressure, the benefit of ECJ on the loss reduction degrades evidently when taking the inputted energy and mass into account, as earlier shown in Fig. 13 .
In Fig. 16(a) , the pitch-averaged total pressure loss further shows that the loss is reduced in the near endwall region but increased in the near midspan region, without considering the mass flow rate and the total pressure of the jet. Owing to the weakened blockage of passage by using ECJ, the static pressure rise at the cascade outlet is enhanced remarkably, which is more evident for the case with higher jet total pressure. （b）xj/B=60%, α=30°, i=-4° Fig. 18 The limiting streamlines and losses at the incidence of -4°
At the incidence of -4° (as shown in Fig. 18(a) ), severe separation is observed on the rear part of the suction side. By using the ECJ, the low energy fluid accumulation is reduced remarkably and then the separation on the suction side is delayed significantly. Therefore, the passage blockage is reduced and the diffusion of the cascade is enhanced, thus aggravating the boundary layer separation in the near midspan region and weakening the overall benefit of loss reduction.
（a）Baseline, i=+4°
（b）x/B=60%, α=30°, i=+4° Fig. 19 The limiting streamline and losses at the incidence of +4°
As the incidence increases to +4°(as shown in Fig. 19 ), since the separation occurs earlier than the case at the design point, the distance between the ECJ and separation line is also increased, thus weakening the influence of ECJ on the separation line. Whereas, due to momentum inputted by the jet, the high-level loss regions are reduced obviously. Liu, Zhang, Yu and Chen, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) Figure 20 presents the pitch-averaged exit flow angle along the blade height at the incidence of -4º and +4º . For the case with i=-4° in Fig. 20(a) , the flow turning in the region approximately from the endwall to 22% blade height is increased considerably, while the flow turning in the other regions are reduced drastically in comparison to the baseline case, according with the changes of separation in Fig.18 . At the incidence of +4º in Fig. 20(b) , the exit flow angle in the region below 40% blade height is increased obviously by using ECJ. In general, it could be concluded from Fig. 20 that the ECJ could enhance the homogeneity of the exit flow angle and the deflection of the flow remarkably. 
Conclusions
The influences of the endwall corner jet on the performance of a high-speed compressor cascade are numerically investigated. And the reasons for the ECJ with different jet parameters are discussed in detail. The results show that:
The endwall corner jet could delay the boundary layer separation on the suction side and reduce the loss effectively by inputting momentum into the corner region. At the design point, the maximum loss reduction, obtained by the jet located at 60% chord with a yaw angle of 30°, is up to 11.6%, while the jet-to-inflow mass flow ratio is only 0.57%.
The ECJ located excessively upstream of the separation line enhances the energy dissipations as the jet travels downstream, thus decreasing the positive influence of the ECJ on the cascade performance. Whereas the ECJ near the trailing edge almost shows no influence on the starting line of the separation. Generally, the ECJ slightly downstream of the separation line could obtain better performance on the loss reduction.
With the increase of the yaw angle, more loss reduction is obtained in the near endwall region, whereas the loss near the midspan is increased due to the enlarged separation along the blade height. Especially, the optimal location of the ECJ for the loss reduction is slightly shifted downstream with the increase of the yaw angle.
With the increase of the jet-to-inflow total pressure ratio, the jet mass flow rate is increased linearly and the pressure rise of the cascade is enhanced. However, the mixing losses between the jet and the low energy fluid in the corner region are also enhanced. While the jet energy inputted is considered, the benefit of loss reduction is degraded for the jet-to-inflow total pressure ratio higher than 1.1.
The ECJ shows considerable loss reduction for the incidence ranging from -4° to +4°. For the negative incidence, the effect of loss reduction decreases, whereas the uniformity of the exit flow angle is enhanced remarkably. A maximum loss reduction up to 15.0% is obtained at the incidence of +2°. A higher positive incidence decreases the benefit of loss reduction slightly.
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